Detailed knowledge of motion and seakeeping behaviour in an early design stage is indispensable in modern layout of marine offshore structures. Therefore, numerical methods are used to calculate the Response Amplitude Operators (RAO), which are generally based on potential theory or the Reynolds-AveragedNavier-Stokes-Equation (RANSE).
INTRODUCTION
Considering the current development of numerical simulation technologies, it is found that most methods lead to more precise results in shorter computational times at ever increasing bandwidth in maritime applications. A few years ago, it was not conceivable that a standard personal computer would be able to calculate the resistance of a ship in some hours or that it would be possible to calculate complex dynamic processes, like the motion behavior of the freefall lifeboat AGaPaS 2 during a launch [1] or to investigate the efficiency of the Oil Skimming System SOS 3 [2] with CFD-simulations. In this paper, a technique well established for model tests at TUB, will be adapted to RANSE-methods.
During model tests, different aspects can be focused and analysed using certain types of wave formations. Irregular waves are often used for stochastically investigations and general structure interaction. Regular waves can be used to investigate frequency dependent phenomena. For the entire information of a 1 Wave Analysis at Massachusetts Institute of Technology 2 Autonomous Galileo-supported Rescue Vessel for Persons overboard 3 Sea state independent Oil Skimmer structures behavior, the RAO is the primary goal for the model tests, but will take a long time using the mentioned wave types only. With the help of transient wave packets, all necessary information can be achieved within one single, short test run. Containing all elementary wavelengths of the generated initial wave spectra, this technique enables an extensive structure analysis using the short superposition in space and time.
The TWP method was introduced by Davis and Zarnick [3] in 1964 and developed by Takezawa and Jingu [4] in 1976. Clauss and Bergmann [5] presented a modified method using Gaussian wave packets in 1986. In 1997, Clauss and Kühnlein [6] proposed the formulation of the calculation and predictability of nonlinear transient wave packets. TWPs represent a problem oriented and tailored wave train, which is very efficient and one of the preferred methods at the seakeeping basin at TUB for offshore structure investigation.
For validation purpose, these model tests are most likely to be compared with numerical results. A fast and common way to achieve informations about the motion behavior of any offshore structure are potential codes, which provide the RAOinformations in frequency domain. They combine the advantages of low computational effort, easy grid generation and simple integration of additional, user-defined restrictions and acting forces. On the other hand, they come along with the neglect of viscous effects and the missing consideration of the structure above the still water level, which result in overestimation of resonance amplitudes (e.g. roll motion peak) and missing nonlinearities (e.g. large bow flare or green water), respectively. To catch these influences without getting stuck to source and time consuming long term calculations, the smart and elegant TWPtechnique should be adapded into RANSE-methods using STAR-CCM+. To validate the CFD-calculations, all results are compared to model tests and WAMIT results.
In addition to the potential code analysis, a numerical wave tank (WAVETUB [7] ) was introduced and investigated in detail. This hybrid FEM-based potential wave tank can be used for nonlinear wave propagation devoid of structure interaction. Besides, there are no finite volume based programs or applications known, which are using TWP-methods to investigate the RAO of offshore structures.
TRANSIENT WAVE THEORY
A transient wave packet is a tailor made wave train which utilized the characteristic of dispersion, what denotes that long waves propagating faster than short ones. Hence, the definition of the TWPs is concerted that they are led by short waves which are followed by longer waves. All included elementary waves are superimposed in a single high wave peak without phase shift at the so-called concentration point (CP). After reaching the maximum wave height at the CP, the wave train diverges.
GENERATION
The generation of the transient wave packets is conducted according the formulation of Clauss and Kühnlein [6] . Therefore, a normalised, fourier-like spectrum
is defined in a problem-oriented frequency range. Lacking individually different phases at the CP, the generated spectrum is real and defines the wave train at the CP x 0 in time domain. With the dispersion relation
the frequency dependent spectrum F(ω) is transferred in the wavenumber dependent spectrum F(k), whereby the wave train is transferred from the position of concentration in time domain to the moment of concentration t 0 in spatial domain. Based on this point, the TWP can be transformed to any moment in time. Therefore, the assumption is made that the wave train moves with the group velocity of the elementary wave with the center wave number k 0 of the spectrum F(k) (cf. green line in the spectrum, Fig. 1 ). With the spatial shift
the transformation of the spectrum F(k) is
The shifted spectrum F (k j ,t new ) is complex. With an inverse fourier transformation, F (k j ,t new ) is transferred into spatial do- main. Figure 1 presents the propagating wave train for different time steps in space, showing the complete superposition with maximum wave height at the CP (red line, t = t 0 ). It can be seen, that the spatial distribution of the wave train is relatively long at t = t 0 − 10s. During its propagation, the TWP is converging, superimposed at the moment of concentration and diverging afterwards. At the processing of this topic it has been found that t = t 0 − 5s is a good point to start the CFD-simulations, regarding the investigation of the LNGC, because the simulation time is kept short and the distance between wave train and LNGC is still sufficient to start undisturbed.
COUPLING
In principle, there are two main options to couple the values of the initial wave train with the CFD-software.
Using a procedure in time domain, the updated information of the vertical and horizontal velocity as well as the phase information of the waves has to be assigned at every time step at the inlet boundary. The main disadvantage of this practice is the time consuming development of the wave train from the inlet to the far away structure -that will increase the necessary grid number of the domain as well as the required longer simulation time, as the wave train has to propagate through the entire domain first. Besides, the total amount of possible minor input error will accumulate and rise in time, as the input is given manually for every single time step at the inlet boundary.
The procedure in spatial domain has the advantage that the wave train can be defined at arbitrary positions. Therefore, it has to be ensured that the complete wave train adapts spatially into the domain. This method gives the possibility to define the TWP close to the offshore structure, which reduces the grid size and thereby saves expensive simulation time. Another advantage is the fact that the complete wave field informations, in terms of velocity-, pressure-and phase distribution, are required only at the first time step, which reduces the amount of input data as well as the possible error source.
A third option would be a hybrid procedure of both methods introduced before. Therefore, only a part of the wave train is initialized at spatial domain and the remaining information are assigned at every time step in time domain at the inlet boundary. This could be used if the structure is located close to the inlet but would combine all disadvantages and therefore is not applied in the following investigations.
All CFD-simulations presented in this paper are initialized in spatial domain using (x,y,z)-tables [8] .
INITIAL WAVE VALUES
To initialize the CFD-simulation, the information of the velocity field, the pressure-and the phase distribution of the TWP are coupled with STAR-CCM+. Therefore, the required values are calculated using linear wave theory (AIRY-Theory), based on potential theory. Due to the discrepancy that this linear wave theory only applies up to the still water level (SWL) but the initial values for the simulation are needed up to the wave crest, modified methods have to be used to calculate the complete initial wave field. Figure 2 shows the initial velocity distribution of the complete CFD domain for both, horizontal (top) as well as vertical (bottom) velocities. Therefore, the velocities of all elementary waves of the TWP are superimposed up to the SWL. To achieve the velocity informations above SWL, a stretching method, recommend by DNV [9] , is used. Using this method, the velocities from z = −d (bottom) to z = 0m (still water level) are stretched and thereby extended for z = −d up to z = ζ (wave crest).
The pressure distribution, shown in Figure 3 , consists of atmospheric pressure, hydrostatic pressure and hydrodynamic pressure. The hydrostatic pressure at every position of the domain is derived from the mass of the above located water column up to the wave crest. The hydrodynamic pressure is the temporal derivation of the linear wave potential. To calculate the values above the SWL, Clauss et al. [10] recommended a method in which the decay term of the wave potential is replaced with an adaptive stretching term to correct the dynamic pressure distribution and ensure the compliance of the demand -the total pressure at the free surface has to be equivalent to the atmospheric pressure at the wave crest (z = ζ , dynamic boundary condition). Even though the small influence on the total pressure (cf. Fig. 3 , the proportion of dynamic pressure vs. total pressure is about 1/490), the dynamic pressure is not neglected. Thereby, the numerical error due to the simplifications of the used wave theory is minimized at the initialization of the CFD-simulations.
To calculate the multiphase flow of the TWP propagation, the volume of fluid (VOF) model is used. Therefore, the initial phase information (water = 1, air = 0) is defined for every cell inside the domain. To exclude differences of the RAOs caused by shallow water effects, the water depth of d = 1m is chosen for the CFD-simulations, which is equivalent to the seakeeping basin of the TUB. The expected position of the CP within the TWP is x 0 = 0m (cf. Fig. 2 and Fig. 3 ).
PRELIMINARY INVESTIGATIONS IN 2D
To verify whether the modified linear assumptions to calculate the initial wave field are adequately accurate and the effect of concentration of the wave train emerges, preliminary investigations are conducted in 2D. Therefore, the parameters of wave height at the concentration point, the water depth and the temporal distance of the moment of concentration are varied. The TWP shown in Figure 4 has a frequency range of 0.5rad/s ≤ ω ≤ 12rad/s, a defined wave height of ζ CP = 0.05m at the CP and is used for all further investigations of the LNGC in 3D. Figure 4 shows the theoretically defined surface elevation at the CP (blue dashed line) and the registered surface elevation at the predicted CP x 0 = 0m (red line) and at adjacent positions.
Comparing the bunch of registrations, it can be seen that the concentration of the TWP has occurred, but the peak of the real superposition is registered at t = 5.2s at x = x 0 +0.05m (cf. green line) instead of t = 5s at x = x 0 . In general, all registrations are showing good results, according to the theoretical assumption, with a slightly overestimation of the maximum wave height. The shift of the maximum wave elevation in time and space can be ascribed to some slight nonlinearities, coming along with the limited water depth. Another cause of the deviations of the results could be found in the used assumptions of the initial wave field, calculated by modified linear wave theory.
To determine different influences on the numerical TWPs, several wave groups were investigated in 2D with different conditions. Table 1 shows the investigated scenarios, revealing TWP3 (cf. Fig. 4 ) to be best suited for the following investigations of the LNGC in 3D. Simulations with higher maximum wave height at the CP, such as TWP4 (ζ CP = 0.15m), do not evolve like predicted theoretically. Due to limited water depth and nonlinearities like breaking effects, caused by the steepness of the waves, the predicted superposition of the TWP does not occur.
To neglect the effect of numerical damping due to discretisation errors, mesh and time step studies are done for all cases. The characteristic of the optimal mesh is adopted to the 3D investigations of the LNGC. 
3D APPLICATIONS
To illustrate the applicability of the numerical method presented in this paper, two hydrodynamic problems are investigated using TWP exemplarily. First of all, the motion behavior of the LNGC of the SOTLL 4 project is analysed, using the TWPmethod compared with model tests and WAMIT results. Furthermore, the LNGC is investigated regarding partially filled tanks, concerning the sloshing influence on the body motions as well as the internal fluid behavior inside the four LNG-MOSS tanks. Due to the symmetry of the LNGC, the calculations with β = 180 • are done with 3DOF (surge, heave, pitch). Hence, only the half ship has to be discretised for the CFD-calculations. The calculations with β = 90 • are done with 6DOF and the full discretised ship. For the measurement of the surface elevation, a wave gauge is defined at the main frame (β = 180 • ) and midship (β = 90 • ) of the LNGC respectively as well as inside of the four LNG-MOSS-tanks.
SINGLE BODY INVESTIGATION
The first investigated scenario is the motion behaviour of the LNGC in solid filling condition, in terms of no free fluid surfaces inside the MOSS tanks. To reduce the number of cells of the numerical domain and save calculation time, the MOSS tanks are completely neglected in this case and the ship has a smooth plain, simplified deck only (cf. Fig. 7) . Figure 6 shows the registered time series of the surface elevation and the relevant motions of the LNGC is shown for β = 180 • (left) and for β = 90 • (right). The ship is free floating 4 Sideways Offshore Transfer of LNG and LPG and drift motions are possible in all degrees of freedom (DOF) with minor restoring forces e.g. sway, surge and yaw. For the calculation of the motion RAOs in frequency domain, the drift of the motions has to be neglected. Therefore, a linear removal is used. A visualisation of the interaction between the TWP and the LNGC (solid filling and β = 90 • ) is shown in Figure 7 . The incoming wavefield, the superposition at t = 5s and the diffractionradiation wave field can be seen clearly. The comparison of the resulting, relevant solid filling RAOs of the CFD-calculation, model tests and WAMIT can be seen at the considered encounter angles.
Additionally it is found, that the nonlinear behaviour of the roll motion in terms of roll decay can be analysed directly in case of beam seas. The reason for this advantage of the transient wave package technique is the fact, that the water is sufficiently calm when the wave train has passed the position of the offshore structure. Thereby, the roll decay coefficient b 44 can be determined and no individual roll decay simulations are required. The b 44 coefficient is important for the implementation of external damping coefficients in potential based codes (e.g.WAMIT), to reduce the overestimation of the roll motion at the resonance frequency caused by the neglect of viscous effects. Figure 9 shows the comparison of a roll decay model test (green line) and the registered roll motion of the LNGC with numerical TWP and β = 90 • . The difference of the roll period and the decay of the amplitudes is the result of a slightly disagreement of the calculated and the real mass distribution as well as the vertical position of the center of gravity of the physical LNGC model. However, the results show satisfying agreement and a new, promising possibility concerning preliminary decay tests.
SLOSHING INVESTIGATION
The second investigated scenario is the investigation of tank sloshing effects on the ship motions, calculations with partially filled tanks are done. The investigation of these effects is of great importance, because the varying filling height of the partially filled MOSS tanks during transfer operations leads to a continuously changing motion behaviour of the LNGC, passing different critical frequencies during the highly precarious transfer operation. The results of the CFD-simulations, model tests and WAMIT for a filling level of 30% (diameter of the MOSS tanks) are shown in Figure 10 for head (top) and beam seas(bottom). The used liquid is water, as comparability to the model tests is required. A comparison with the solid filling RAOs (cf. Fig. 8 ) shows a clear difference at the range of ω = 0.89rad/s in terms of sloshing peaks for the surge (β = 180 • ), sway (β = 90 • ) and roll (β = 90 • ) motions. Even for this complex purpose it can be seen that the new numerical TWP method leads to excellent results.
To investigate the fluid motion inside the four LNG tanks, wave gauges (cf. Figure 11 , G1 (β = 180 • ), G3 (β = 90 • )) are used to measure the surface elevation. The RAO of the surface elevation in a ship reference system is shown in Figure 11 . Analogously to the motion RAOs presented in Figure 10 , a sloshing peak can be found at ω = 0.89rad/s for both encounter angles. This sloshing peak is identified as natural frequency of the MOSS tanks and influenced by the filling height. The reason for the indistinct sloshing peak at β = 90 • is the overlapping influence of the asymmetry (ω ≈ 0.82rad/s) of the LNGCs hull and mass distribution (cf. Clauss et al. [11] ). A second peak can be seen at β = 90 • and ω = 0.39rad/s in Figure 11 , which is identified as the rigid body roll motion peak.
Except a slightly underestimation of the numerical tankRAOs caused by numerical deficiencies of the CFD-code, the results of the numerical TWPs, the model tests and WAMIT show good agreement for all investigated scenarios.
CONCLUSIONS
In this paper, the numerical transient wave packet technique, a very efficient method for seakeeping investigations with a finite volume based CFD-solver, is presented. Therefore, modified linear methods are used to calculate the relevant values of the initial wave field in spatial domain at a defined time short before superposition of the wave train. To verify the applicability of the method, CFD-calculations with different wave packets in 2D and detailed investigations of a LNGC with varied tank fill levels in For future work it is planned to enhance this technique within the the SOTLL project and adapt the mechanism to other offshore problems, for example the multi body motion behaviour of two floating offshore structures at side by side configuration. Furthermore, the usage of different spectra to define TWPs with steeper wave crests should be analysed and implemented to capture nonlinear effects more precisely.
